Abstract-The relationship between movement kinematics and human brain activity is an important and fundamental question for the development of neural prosthesis. The peak velocity and the peak acceleration could best reflect the feedforward-type movement; thus, it is worthwhile to investigate them further. Most related studies focused on the correlation between kinematics and brain activity during the movement execution or imagery. However, human movement is the result of the motor planning phase as well as the execution phase and researchers have demonstrated that statistical correlations exist between EEG activity during the motor planning and the peak velocity and the peak acceleration using grand-average analysis. In this paper, we examined whether the correlations were concealed in trial-to-trial decoding from the low signal-to-noise ratio of EEG activity. The alpha and beta powers from the movement planning phase were combined with the alpha and beta powers from the movement execution phase to predict the peak tangential speed and acceleration. The results showed that EEG activity from the motor planning phase could also predict the peak speed and the peak acceleration with a reasonable accuracy. Furthermore, the decoding accuracy of the peak speed and the peak acceleration could both be improved by combining band powers from the motor planning phase with the band powers from the movement execution.
I. INTRODUCTION

B
RAIN computer interfaces (BCIs) aim to help users send commands to the external world directly while bypassing the brain's normal output pathways of peripheral nerves and muscles. One objective of BCI research is to decode the intention of a subject to control external devices, such as a computer cursor [1] - [3] , a wheel chair [4] , [5] or a robotic device [6] - [8] . Movement aimed to a target is a natural and fundamental task in daily life resulting from a movement planning phase and a movement execution phase [9] . Understanding how the kinematic parameters (such as velocity, direction, acceleration) are encoded in the cortex during such a reaching task is an important issue for the development of neuromotor prostheses and should be investigated further.
A number of papers have studied the patterns of brain activity during the motor execution [10] , [11] and motor imagery [12] . Most EEG studies discretely classified kinematic parameters during imagined and executed movements [13] , [14] . Continuous hand velocities were first decoded from EEG signals during a self-paced 3-D reaching task [15] . As the movement intervals used in [15] were very short, it was not clear whether the reconstructed trajectories varied depending on the movement inertia. Moreover, motor related potentials include components mainly in high frequency [16] - [18] , rather than in the low frequency (EEG data below 1 Hz were used in the paper [15] to reconstruct the movement velocity). Yeom [19] and Bradberry et al. [20] estimated the velocity of continuous hand movement from MEG. However, MEG equipment is bulky, and thus not as suitable as EEG for practical BCI applications.
Intended movement can also be estimated using EEG signals in the planning phase. Lew et al. [21] detected subjects' movement intention using EEG signals before the movement onset. The reaching direction (left and right) [22] and target (food and drinks) [23] can also be decoded from EEG activity in the planning period. Moreover, it was found that the amplitude of the peak velocity and acceleration were correlated with the EEG activity in the alpha band during the motor planning [24] . In addition, the brain signals in the planning period have been considered by some researchers to improve the movement decoding accuracy. Willett et al. [25] showed that monkeys could make straighter, faster and smoother movements in a brain-machine computer by decoding intended future movements.
Seidler et al. [26] pointed out that kinematic indices of peak velocity and acceleration best reflect feedforward processes in controlling movement. Perfetti et al. [24] showed correlations between the amplitude of the peak velocity and acceleration and the alpha band power using grand-average analysis, which might conceal the trial-to-trial information. Moreover, due to the low signal-to-noise ratio of EEG activity, the single-trial decoding ability for kinematic indices still needs to be investigated. In this paper, using a center-out reaching task, we aimed to examine whether the decoding performance of kinematic parameters, e.g., the peak speed and acceleration of reaching, can be improved by adding EEG signals during the planning interval, compared with the case of using EEG signals alone during movement execution.
II. METHODS
A. Subjects
Nine healthy subjects (age: 20.8 ± 2.6 years, four females and five males) participated in this study. All subjects were right handed according to Edinburgh handedness inventory [27] and had normal or corrected to normal vision. The procedures conformed to the Declaration of Helsinki and were approved by the Institutional Review Board of the University of California, San Diego. After detailed explanation of the procedures, all subjects signed written informed consent.
B. Experimental Procedure
During the experiment, the subjects were instructed to reach to a green 12.5 mm radius circular target which was placed in the lower left or upper right (jittered with a variability of ±5°) with respect to the center of a 32 touch screen. At the beginning of each trial, a yellow 12.5 mm radius circular dock was presented at the center of the screen, and each subject was asked to hold a stylus/pen and his/her gaze on the dock in a self-paced manner (see Fig. 1 ). The color of the center point turned white when the subject touched it. After a randomized 500-700 ms interval, the target disk was shown randomly on one of two corners (lower left, 150 or 200 mm away, and high right, 200 mm away). The subjects were required to hold the stylus/pen and gaze on the center dock for another randomized 500-700 ms movement delay interval until the dock disappeared. Then the subjects tried to reach to the target as fast and as accurately as possible with completely unrestricted movement. Gaze was monitored but not constrained, except for the intervals prior to the go cue (dock disappearance). The subjects were seated in front of a 32 touch monitor (AccuTouch, Elo TouchSystems) in sufficiently close proximity to allow comfortable reaches to both corners and with their chin and forehead stabilized on a support. The number of trials in a block was 25 and there were 16 blocks, i.e., a total of 400 trials, were finished by each subject. The data from two targets will be lumped and analyzed together in this paper. We are not trying to decode which target the person was going to.
C. Data Acquisition and Preprocessing
Scalp EEG, gaze position, and finger movement were recorded simultaneously while subjects performed the reaching task. EEG was acquired at 512 Hz using a 70-channel active electrode EEG system (Biosemi, Inc.), including 64 channels mounted in a flexible cap according to the International 10-20 System [28] , one electrode on each of left and right mastoids, and four EOG channels located above and below the right eye as well as lateral to the right and left eyes to monitor eye movements. Eye position was tracked at 1000 Hz with an Eyelink-1000 (SR Research, Inc.) on a tower mount. Finger position was sampled at 240 or 120 Hz using a PhaseSpace, Inc., 3-D motion capture system. EEGLAB [29] was used in the preprocessing procedure. The continuous EEG signal was first rereferenced offline to the average of two mastoids and high-pass filtered at 1 Hz and lowpass filtered at 55 Hz. Afterward, EEG signals were segmented into epochs of −200 to +1200 ms time-locked to target onset. Epochs with excessive peak-to-peak voltage fluctuations (> 70 μV) were visually identified and rejected from further analysis. Seventy independent components (ICs) were extracted by ICA decomposition using extended Infomax [30] and ICs reflecting muscle or eye movement artifacts were rejected based on power spectrum, trial-by-trial ERPs, topographic inverse weights, and dipole location. Then the remaining ICs were projected back to the original electrode space. A common average reference [31] signal, which was computed as the average voltage amplitude of all 64 EEG signal channels, was subtracted from the signal from each EEG electrode. Moreover, the trials in which subjects responded too slowly (> 500 ms) or missed targets (hit the black area) were also excluded. An average number of 334 ± 43 of the initial 400 trials per subject was used after rejection of bad trials.
D. EEG Analysis
Fast Fourier transform was applied to the single-trial EEG signals to calculate the time-frequency representations. The spectral change induced by planned and executed movement was measured by comparing the event-related spectral power at each channel in the alpha and beta bands over the entire planning or execution interval with respect to the power of a baseline period. The individual event related spectral change for the two time intervals (planning and execution) and the frequency band was averaged over trials across subjects. The relative spectral power p(dB) in each electrode of interest was defined as:
where P was the average spectral power over planning (j = 1) or execution (j = 2) intervals and B was the pooled spectral power in baseline interval in the alpha (8-13 Hz) [32] and beta frequency (13-30 Hz) bands, respectively. Averaged relative spectral power scalp maps in the alpha and beta bands during the planning and execution time intervals were shown in Fig. 2 . The max/min numbers on the scale bars (±0.6 dB) represent about 13% spectral power increase/decrease in the 
E. Feature Selection
In each of time intervals, a two-sample t-test was performed to identify the electrodes of interest for all subjects showing significant alpha/beta power differences compared to the baseline period (p < 0.01). Then a Pearson's product-moment correlation coefficient r was calculated to measure the linear correlation of the relative spectral power and peak speed/acceleration using random 20% of all trials. The relative power for each pair of band and electrode of interest was checked and the powers of which correlations were significant were selected as decoding features. Following this process, the channels selected for use in decoding for each subject will be slightly different for each subject.
F. Decoding Model
In order to estimate the kinematic parameters for each trial, a linear decoding model was used:
where μ represents peak speed or peak acceleration, p α and p β are the relative spectral power in the alpha and beta bands, I and J are the number of electrodes for the alpha and beta bands, respectively, η, κ, and λ are the weights obtained from multiple linear regression. Linear regression has been widely used in decoding movement kinematics [33] - [35] .
G. Assessment
Tenfold cross validation was applied to assess the performance of the decoding accuracy. All trials were randomly divided into ten equal size (or approximately equal) groups. One group of the ten was retained as the validation data for testing the decoding model which was trained using the data in the remaining nine groups. The procedure was repeated ten times with each group serving exactly once as testing group. The accuracy of the decoding model was evaluated by averaging the ten results from the ten testing groups.
The coefficient of determination, R 2 was used to assess how well the observed results were replicated by the decoding model. The closer the R 2 is to one, the better the decoding model is. As R 2 can be arbitrarily increased to be as close to one when adding more variables to the regression, an adjusted R 2 criterion [36] is modified by considering the number of testing trials N and the number of variables k as follows:
III. RESULTS
A. Electrodes of Interest Showing Significant Alpha/Beta Power Differences Compared to the Baseline Period
The electrodes of interest for alpha and beta bands during the movement planning and execution phases across all subjects were circled in Fig. 3 . Electrodes of interest were those in which band powers during the movement execution/planning phase were found to be significantly different from band powers in baseline interval. Such electrodes were located over occipital and parietal-occipital cortices for the alpha band during both the movement planning and execution phases. For the beta band, the electrodes of interest spread over frontal and frontal-central lobes during both the movement planning and execution phases.
The electrodes of interest were the same for all subjects and then assessed for each subject to pick up an appropriate subset to use in decoding. The individual differences among subjects were reflected in the following feature selection (Section II-E). Twenty percent trials of each subject for each electrode were used to calculate the Pearson's correlation coefficient between band power and peak speed/acceleration in order to select the most suitable electrodes used in the prediction models. The shadows in Fig. 3 represent the number of subjects, out of a total of nine, that each electrode of interest was used for in decoding speed and acceleration.
B. Decoding Peak Speed for Each Trial From EEG Alpha and Beta Power
The coefficient of determination R 2 was computed by the predicted and measured movement peak speed and acceleration to measure the decoding accuracy.
The decoding accuracies for the peak speed achieved by EEG data in the movement planning period, in the movement execution period, and in both periods are presented in Fig. 4 . The decoding accuracy for EEG alpha and beta activities during the movement execution period was 0.24 averaged across all subjects. This value is of moderate magnitude and is comparable to the results obtain by Bradberry et al., in which the average Fig. 3 . Electrodes of interest for alpha and beta bands during movement planning and execution phases were labeled in red and blue ovals. The circled electrodes were significantly modulated on all subjects. The shadow inside each circle represents the number of subjects using each electrode to (a) decode speed and (b) acceleration.
decoding accuracy for x y z velocities was 0.19, 0.38, and 0.32, respectively. However, it was not clear whether the reconstructed trajectories mainly depended on the movement inertia because the movement intervals used by Bradberry were very short. EEG data during planning could also be used as prediction feature, as shown in Fig. 4 achieving the coefficient of determination of about 0.23. Adding EEG data in the planning period allowed better prediction for all subjects except subjects 3 and 7 compared to the case of using data in the movement execution period alone. The coefficient resulting from the alpha and beta power in both movement planning and movement execution periods was Fig. 4 . Mean coefficient of determination R 2 between predicted and measured peak speed across cross-validation folds for each subject. Accuracies achieved by alpha and beta bands from movement planning and movement execution phase and combined band power from two phases. Standard deviation lines were added to the mean bars. Fig. 5 . Mean coefficient of determination R 2 between predicted and measured peak acceleration across cross-validation folds for each subject. Accuracies achieved by alpha and beta bands from the movement planning and movement execution phase and combined band powers from two phases. Standard deviation lines were added to the mean bars. 0.31. Post hoc analysis using a t-test (α = 0.05) was performed on the decoding accuracy of peak speed across all subjects. The decoding performances using band power from movement planning and execution individually showed no significant differences. However, the decoding accuracy of peak speed was increased significantly by using combined band power from the planning and execution phases, compared to the cases using the band power from either of the two phases individually (see Fig. 4 ).
C. Decoding Peak Acceleration for Each Trial From EEG Alpha and Beta Powers
EEG alpha and beta power from the movement planning and execution phases as well as the combined band power across movement phases was also investigated to predict the peak acceleration for each trial. The mean coefficient across all subjects using band power from the movement execution period was 0.14, and the result from the movement planning period was 0.19. The final decoding accuracies achieved for individual subjects are presented in Fig. 5 . The combined band power across movement phases performed better for individual phases, having an average decoding coefficient of 0.24 across all subjects. Post hoc t-test analysis (α = 0.05) of the decoded peak acceleration also was performed. Similar to the peak speed, the decoding performance using band power from movement planning and execution individually showed no significant differences. However, it should be noted that prediction performance of peak acceleration using band power from the planning phase outperformed that of the movement execution phase for most subjects. This was beyond our expectation and is discussed further in Section IV. The combined band power from the planning and execution phases compared to the case using band power from single phases also showed a significant increase in decoding accuracy of peak acceleration.
IV. DISCUSSION
In this paper, we sought to determine how well we could predict the peak speed and acceleration of spatially directed reaching movements using EEG alpha and beta power from movement planning and execution phases, and the combined band power from both phases. The main difference between our study and that of Bradberry et al. [15] is that we included EEG activity from both the movement planning and execution phases to decoding movement speed and acceleration, whereas Bradberry et al. only analyzed EEG activity from the movement execution phase. A multiple linear regression model was selected after considering the regression speed and accuracy. The results showed that band power from the movement planning and execution periods both could be used as features to estimate the peak speed and acceleration of hand movement during a center-out reaching task. Moreover, the combination of band power from the movement planning and execution periods further improved the decoding accuracy of the peak speed and acceleration.
Since subjects reached with their right arms, one might have expected greater beta band desynchronization over the contralateral (left) hemisphere, particularly during movement execution. However, we found a more global pattern of beta desynchronization over frontal, central, and parietal areas (see Fig. 2 ). It is possible there was even a greater global beta desynchronization that would have included the occipital region, but was ''washed out" by neck/postural muscle contamination that was not removed by our data preprocessing using ICA. A global beta desynchronization pattern would imply that planning speed and acceleration may be occurring via more distributed processing than that involving contralateral sensorimotor areas.
As subtle changes in neck/scalp postural muscles as people stiffen their bodies before moving may cooccur with the increase in alpha in the occipital areas, we redid the analysis using just the beta band power for comparison, and found that the decoding performance was still significantly improved by the combination of band power from the movement planning and execution periods (Appendix).
Human movement results not only from movement execution but also from the planning phase [37] , [38] . The correlation between EEG activity and peak velocity and peak acceleration in the motor planning phase proposed by Perfetti et al. [24] was not concealed by the low signal-to-noise ratio of EEG activity and proved to be able to estimate the trial-to-trial move- Fig. 6 . Mean coefficient of determination R 2 between predicted and measured peak speed across cross-validation folds for each subject. Accuracies achieved by beta band only from movement planning and movement execution phase and combined band power from two phases. Standard deviation lines were added to the mean bars. Fig. 7 . Mean coefficient of determination R 2 between predicted and measured peak acceleration across cross-validation folds for each subject. Accuracies achieved by beta band only from the movement planning and movement execution phase and combined band powers from two phases. Standard deviation lines were added to the mean bars. ment peak speed and acceleration. Our results demonstrated that movement speed and acceleration parameters are encoded in the EEG during the movement planning phase. Thus, the decoding performance of peak speed and acceleration could be improved by adding brain activity from movement planning phase to that of the execution phase.
It is worth noting that compared to the movement execution phase, the band power extracted from the planning phase obtained better prediction accuracy of peak tangential acceleration for most subjects. This result is consistent with the work of Perfetti et al. reporting a higher correlation between peak acceleration and alpha band power in motor planning and a lower correlation in motor execution. This might imply that the peak acceleration information of the upcoming hand movement is encoded in the human brain mainly during the motor planning phase. Of course, further studies should be made about encoding hand movement acceleration to verify this hypothesis.
The improved decoding accuracy of the peak speed and acceleration could benefit BCI development. Marathe and Taylor [39] proposed a new option that BCI performance could be improved by remapping the decoded movement parameters to a different control parameter. For example, the position decoding errors were impossible to overcome. However, we can estimate the movement trajectory using the better predicted velocity and acceleration based on some reasonable assumptions. In the future, this indirect estimated trajectory is to be compared to the trajectory directly predicted using the brain activity. APPENDIX See Figs. 6 and 7 at the top of the previous page.
